Apical membrane antigen 1 (AMA1) is a conserved transmembrane adhesin of apicomplexan parasites that plays an important role in host-cell invasion. Toxoplasma gondii AMA1 (TgAMA1) is secreted onto the parasite surface and subsequently released by proteolytic cleavage within its transmembrane domain. To elucidate the function of TgAMA1 intramembrane proteolysis, we used a heterologous cleavage assay to characterize the determinants within the TgAMA1 transmembrane domain (ALIAGLAVGGVLLLALLGGG-CYFA) that govern its processing. Quantitative analysis revealed that the TgAMA1 L/G mutation enhanced cleavage by 13-fold compared with wild type. In contrast, the TgAMA1 AG/FF mutation reduced cleavage by 30-fold, whereas the TgAMA1 GG/FF mutation had a minor effect on proteolysis; mutating both motifs in a quadruple mutant blocked cleavage completely. We then complemented a TgAMA1 conditional knockout parasite line with plasmids expressing these TgAMA1 variants. Contrary to expectation, variants that increased or decreased TgAMA1 processing by >10-fold had no phenotypic consequences, revealing that the levels of rhomboid proteolysis in parasites are not delicately balanced. Only parasites transgenically expressing or carrying a true knock-in allele of the uncleavable TgAMA1 AG/FF+GG/FF mutant showed a growth defect, which resulted from inhibiting invasion without perturbing intracellular replication. These data demonstrate that TgAMA1 cleavage plays a role in invasion, but refute a recently proposed model in which parasite replication within the host cell is regulated by intramembrane proteolysis of TgAMA1. malaria | regulated intramembrane proteolysis | cell signaling | microneme
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malaria | regulated intramembrane proteolysis | cell signaling | microneme P arasites of the phylum Apicomplexa are responsible for some of the most devastating and burdensome diseases of humans and animals worldwide, including malaria, cryptosporidiosis, and toxoplasmosis. Host-cell invasion is an essential step in the life cycle and pathogenesis of apicomplexan parasites. Invasion is a multistep process driven primarily by the parasite (1) . Attachment to the target cell surface involves the secretion of membrane-bound adhesin complexes from parasite apical organelles called "micronemes." Once host cell receptors are engaged by the adhesins, the complexes are rapidly redistributed toward the posterior end of the parasite, thereby pushing the parasite into the host cell through a ring-shaped "moving junction" of tight contact between the two cells. A key component of the invasive machinery is apical membrane antigen 1 (AMA1), a conserved type I transmembrane protein of apicomplexan parasites that is secreted from the micronemes onto the parasite surface (2-4). AMA1-depleted parasites are unable to attach intimately to the host cell and are severely impaired in invasion (5, 6) . AMA1 interacts with RON proteins, which are secreted from a second set of organelles, the rhoptries, and form the moving junction (7) (8) (9) (10) (11) (12) (13) (14) ; whether AMA1 plays a direct role in moving junction formation or progression is less clear (6) .
Like other microneme proteins, AMA1 is proteolytically cleaved after secretion onto the parasite surface, thereby releasing its ectodomain (3, 4, 15) . Cleavage of Toxoplasma gondii AMA1 (TgAMA1) and several other T. gondii microneme proteins is mediated by the rhomboid class of intramembrane proteases: rhomboid-mediated cleavage of these proteins has been demonstrated in cell-based reconstitution assays (16) , and the cleavage sites within the transmembrane domain (TMD) of TgAMA1 (17), TgMIC2 (18) , and TgMIC16 (19) have been mapped in vivo. Rhomboid proteases are also capable of cleaving over a dozen adhesins implicated in malaria parasite invasion (20) . Of the T. gondii rhomboid proteases, TgROM4 and TgROM5 localize to the parasite plasma membrane and are likely to be responsible for microneme protein cleavage and shedding (19, 21, 22) . TgROM5 is active against the TMDs of several T. gondii microneme proteins in heterologous cleavage assays (21) , and TgROM4, although inactive in such assays (21) , cleaves certain microneme proteins in vivo (23) .
Why TgAMA1 is cleaved and shed from the surface of invading parasites remains a major unresolved question. Intramembrane cleavage of microneme proteins may be important for disengaging interactions between parasite surface adhesins and host-cell ligands during invasion (24) , but this model has proven difficult to test. Depletion of TgROM4 in conditional knockout (TgROM4KO i ) parasites results in the defective processing of multiple microneme proteins and does indeed impair host-cell invasion, but the critical substrate(s) for invasion have not been identified (23) . Although no effect on parasite replication was observed in the TgROM4KO i parasites, transgenic parasites expressing a catalytically inactive TgROM4 (ddTgROM4 S-A ) showed both a modest effect on invasion and severely impaired intracellular replication (25) . Insufficient TgAMA1 cleavage and release of its C-terminal tail into the parasite cytosol were proposed as the cause of the replication defect because cytosolic overexpression of the TgAMA1 C-tail rescued the phenotype (25) . It was assumed that the catalytically inactive ddTgROM4 S-A protein sequestered TgAMA1 from the endogenous active enzyme (25) , although ddTgROM4 S-A protein levels were comparable to active TgROM4 and neither substrate trapping nor any defect in the processing or shedding of TgAMA1 was demonstrated.
In the current study, we sought to determine directly the role that intramembrane proteolysis of TgAMA1 plays in the parasite's asexual life cycle. We used a quantitative heterologous cleavage assay to define motifs within the TgAMA1 TMD that are important for rhomboid-mediated processing and then expressed cleavage mutants either in a TgAMA1 conditional knockout parasite Author contributions: F.P., Q.T., S.M.M., J.M., S.U., and G.E.W. designed research; F.P., Q.T., S.M.M., J.M., and S.U. performed research; F.P., Q.T., S.M.M., S.U., and G.E.W. analyzed data; and F.P., Q.T., S.U., and G.E.W. wrote the paper.
line or by "knock-in" at the TgAMA1 locus. Phenotypic analyses of these parasites revealed that cleavage of TgAMA1 is required for efficient host-cell invasion, but argue strongly against a role for TgAMA1 cleavage in controlling intracellular replication.
Results and Discussion
Development of a System for Studying TgAMA1 Intramembrane Cleavage. To study the function of TgAMA1 cleavage, we used TgAMA1 conditional knockout parasites (TgAMA1KO i ) in which the expression of TgAMA1, Myc-tagged at its C terminus, can be experimentally down-regulated by treatment with anhydrotetracycline (ATc) (5) . In this background, we created a new parasite line (designated AMA1
WT ) stably expressing a second copy of TgAMA1 under the control of its endogenous promoter and with a Flag tag inserted into domain 2 of its ectodomain (Fig. S1 ). As expected, the expression of TgAMA1-Myc was down-regulated in response to ATc in both the TgAMA1KO i and AMA1
WT parasites (Fig. 1A , Top and Bottom), whereas expression of the Flag-tagged AMA1
WT transgene was insensitive to ATc (Fig. 1A, Middle) . The Flag-tagged TgAMA1 protein was expressed at a level similar to the endogenous protein in wildtype (RH) parasites (Fig. 1B, Top) and fulfilled all known aspects of TgAMA1 function in T. gondii: it colocalized with the microneme marker TgM2AP (Fig. 1C) ; was translocated onto the parasite surface, processed, and released into the culture supernatant following induction of microneme secretion (Fig.  1B , Top and Middle); and fully rescued the ATc-induced invasion defect (5) of the TgAMA1KO i parasites (Fig. 1D) .
Identification of TgAMA1 Mutations That Affect Rhomboid Cleavage.
Next, we adapted a heterologous cell-based rhomboid activity assay to determine the sequence requirements for intramembrane proteolysis of TgAMA1. COS cells were cotransfected with plasmids encoding TgROM5 and TgAMA1, the latter tagged at its N terminus with GFP ( Fig. 2A) . Wild-type GFP-TgAMA1 was cleaved efficiently by TgROM5, with a large amount of cleaved product shed from cells into the culture medium ( Fig. 2 B and C). Using mass spectrometry, we determined the cleavage site to be between A 459 and G 460 ( Fig. 2A and Fig. S1 ), as previously mapped in T. gondii tachyzoites (17) . The heterologous cleavage assay therefore efficiently and faithfully reconstitutes TgAMA1 processing.
We then mutated residues within the TgAMA1 TMD ( Fig. 2A and Fig. S1 ) and used quantitative Western analysis to assess their importance for cleavage. TgAMA1 processing does not conform to the consensus recently identified for a subset of rhomboid proteases (26) because it contains an alanine four residues before the cleavage site, and mutating L 461 two residues after the cleavage site to glycine dramatically increased cleavage by 13-fold (Fig. 2B ), rather than blocking it. TgAMA1 contains small, α-helix-destabilizing residues in the luminal half of its TMD, which are universal requirements for rhomboid processing (16) . Mutating A 459 G 460 flanking the cleavage site to FF reduced GFP-TgAMA1 cleavage to ∼3% of wild type, but failed to block it completely (Fig. 2C ). Mutation of a pair of α-helix-destabilizing glycine residues deeper within the TMD (G 464 G 465 to FF) reduced cleavage by only 15% (Fig. 2C ). Combining mutations in the A 459 G 460 and G 464 G 465 motifs in a quadruple AG/FF+GG/ FF mutant blocked GFP-TgAMA1 cleavage completely (i.e., by >215-fold, which is below the detection limit of the assay), as did replacing the first half of the TgAMA1 TMD with the equivalent portion of the TMD from transforming growth factor α (TGFα), a human growth factor that cannot be cleaved by rhomboid proteases (16) (Fig. 2C) . Mutation of G 473 G 474 G 475 near the cytosolic face of the TMD to FFF had no significant effect on cleavage (Fig. 2C ). Because the AG/FF+GG/FF mutation blocked cleavage but changed fewer residues within the TMD than the TGFα replacement, we focused our subsequent studies on the quadruple mutant.
All of the GFP-TgAMA1 mutants were expressed on the COS cell surface and exhibited a surface and Golgi-like pattern indistinguishable from wild-type GFP-TgAMA1 (Fig. S2 ), indicating that failure of mutants to be cleaved by TgROM5 was not the result of improper trafficking. We also compared the ability of TgROM5 to cleave other adhesin substrates in the presence of either GFP-TgAMA1
WT or GFP-TgAMA1
. Cleavage of GFP-TgMIC2 and GFP-PfBAEBL was unaffected by the presence of GFP-TgAMA1 AG/FF+GG/FF , demonstrating that the uncleavable mutant does not indirectly inhibit the processing of other rhomboid substrates (Fig. 2D ).
Effect of Engineered TMD Mutations on TgAMA1 Processing in
Parasites. To modulate TgAMA1 intramembrane proteolysis in parasites, we generated TgAMA1KO i parasite lines expressing three different Flag-tagged TgAMA1 mutants, hereafter referred to as AMA1 L/G , AMA1 AG/FF , and AMA1
AG/FF+GG/FF parasites. As expected, TgAMA1-Myc expression was downregulated in response to ATc in the transgenic lines, whereas expression of the Flag-tagged mutants was not (Fig. S3A) , and the mutant proteins showed significant colocalization with the micronemal marker TgM2AP (Fig. S3B) .
In microneme secretion assays, the AMA1 L/G mutant showed a large increase in ectodomain shedding compared with AMA1 WT (up to 22-fold; Fig. 2E ). Of the predicted cleavageinhibiting mutations, AMA1 AG/FF decreased processing ∼100-fold, whereas the AMA1 AG/FF+GG/FF mutant blocked all detectable ectodomain shedding (>1,100-fold decrease; Fig. 2E ). These results correlate well with the data from the heterologous cleavage assay (Fig. 2 B and C) . parasite, we performed growth competition assays of mixed cultures in the presence of ATc. AMA1
WT parasites grew at the same rate as the TAT i parasites from which the TgAMA1KO i parasites were derived (5) during at least six passages in culture (Fig. 3A) . In contrast, a growth defect was evident in the AMA1 AG/FF+GG/FF parasites by passage 2, and by passage 6 the mutant parasites represented <10% of the mixed culture (Fig. 3B) .
The lytic cycle consists of invasion, intracellular replication, hostcell lysis, and parasite egress. To test whether the growth defect of the AMA1 AG/FF+GG/FF parasites was due to decreased invasion, we compared the invasion of ATc-treated AMA1 AG/FF+GG/FF and AMA1
WT parasites. The ATc-treated AMA1 AG/FF+GG/FF parasites showed 30-40% less invasion than identically treated AMA1
WT parasites ( Fig. 4A ; P < 0.0001). These data reveal that almost half of the invasion defect observed in TgROM4-depleted parasites (23) could be due to disrupted cleavage of TgAMA1. As expected for an uncleavable TgAMA1 mutant, immunofluorescence analysis showed an aberrant accumulation of the AMA1 AG/FF+GG/FF protein on the parasite surface during the final stages of invasion (Fig.  4B, b and c, and Fig. S4A, b and d ; compare with AMA1 WT in Fig.  S4A, a and c) . However, the parasites were otherwise capable of the normal steps of invasion, including formation of a TgRON4-positive moving junction (Fig. 4B, a) and pinching off of the parasitophorous vacuole membrane from the host-cell plasma AG/FF+GG/FF (blue arrowheads) and either GFPTgMIC2 (red arrowheads) or GFP-PfBAEBL (purple arrowheads). Cleavage products in media (Upper panels) and expression levels of the GFP-tagged adhesins in cell lysates (Lower panels) were monitored as in B. (E) Parasites expressing wild-type or mutant TgAMA1 were grown in +ATc for 36 h, harvested, and treated with or without ethanol to induce microneme secretion. The amount of TgAMA1 released into the media or retained in the parasite pellet was visualized and quantified as in B. Full: full-length TgAMA1; ecto: TgAMA1 ectodomain. Numbers below the lanes indicate the amount of TgAMA1 in the media relative to TgAMA1 WT being 100%, using actin as a loading control. UD: undetectable. The breakdown band apparent in cell lysates of AMA1 AG/FF+GG/FF parasites was not detected in AMA1 AG/FF+GG/FF knock-in parasites, and its origin is unclear. The size of the band (∼5 kDa smaller than the normal cleavage product) suggests that it results from cleavage outside the TMD, within the ectodomain, and its presence in the cell pellet indicates that the cleavage may occur in internal parasite compartments. Note that the AMA1 L/G mutant (Left) was analyzed under short incubation times (2 min) because at longer times (10 min) its cleavage appeared to plateau while AMA1 WT secretion and processing continued. Numbers on side of all Western blots indicate molecular mass in kilodaltons.
membrane at the end of invasion, as visualized by separation of the residual patch of TgRON4 at the host-cell plasma membrane (12, 13) from the internalized parasite (Fig. 4B, b and c) . AMA1 AG/FF+GG/FF parasites entered host cells with only slightly delayed kinetics compared with AMA1
WT parasites (17.9 ± 3.9 s vs. 16.3 ± 3.0 s, respectively; Fig. 4C ). These data argue that once the parasite commits to penetration, AMA1 cleavage is not required for moving junction progression or parasite internalization. This is consistent with recent reports showing that the invasion defect in TgROM4KO i parasites precedes parasite penetration (23) and that TgAMA1-deficient parasites exhibit reduced attachment and internalization frequency but, once invasion has initiated, they penetrate normally into the host cell (6). In contrast, mutations that block PfAMA1 shedding in Plasmodium falciparum have no effect on invasion (27) ; whether this is due to bona fide differences between species, to low levels of residual juxtamembrane cleavage of shedding-resistant mutant PfAMA1, or to heterogeneity in the levels of episomal mutant transgene expression in the transfected population is not known.
Surprisingly, TgAMA1 mutants that showed dramatically decreased or increased processing also fully rescued the invasion defect of ATc-treated TgAMA1KO i parasites. The AMA1 AG/FF mutant blocks TgAMA1 cleavage by ∼100-fold (Fig. 2E) yet it completely restored invasion (Fig. 4D ), demonstrating that a very low amount of TgAMA1 cleavage at the parasite surface is sufficient for invasion. Immunofluorescence analysis confirmed that the AMA1 AG/FF parasites attached, formed a moving junction, and became internalized indistinguishably from the AMA1 WT parasites (Fig. S4B) , although they showed an aberrant accumulation of the AMA1 AG/FF protein at the posterior end of the parasites during the final stages of invasion (Fig. S4B, c and d) . The cleavageenhanced AMA1 L/G mutant was also as effective at rescuing the invasion defect of ATc-treated TgAMA1KO i parasites as AMA1 WT (Fig. 4E) , indicating that premature and/or high levels of TgAMA1 proteolysis (up to 22-fold higher) are not detrimental. Both of these observations suggest that the levels of TgAMA1 proteolysis in parasites are not finely tuned and are fully consistent with our previous demonstration that tachyzoites can invade efficiently with only one-tenth the normal levels of TgAMA1 (5). It was recently reported that disruption of TgAMA1 cleavage causes a severe block in intracellular replication (25) , which could also contribute to the growth defect observed in the AMA1 AG/FF+GG/FF parasites. To test for an effect of TgAMA1 cleavage on replication, we compared the intracellular replication of ATc-treated AMA1 AG/FF+GG/FF and AMA1 WT parasites. We saw no significant differences in the replication of the two parasite lines after 24 or 48 h in either 3.2 μM ATc (Fig. 5A ) or 1 μM ATc (Fig. S5A ). Parasites treated with the higher concentration of ATc did replicate more slowly than untreated parasites ( Fig. 5A ; compare 24 h in −ATc with both 24 h in +ATc and 48 h in +ATc), but this ATc-induced delay was similar in the AMA1 AG/FF+GG/FF and AMA1 WT parasites and therefore likely reflects the slightly toxic effect of extended treatment with high concentrations of ATc (23, 28) .
These results suggest that intracellular replication does not require TgAMA1 cleavage. However, we could not formally exclude the possibility that residual wild-type TgAMA1 expression and processing in the ATc-treated TgAMA1KO i parasites, although undetectable (5), is nonetheless sufficient to support replication. We therefore generated knock-in parasites in which the endogenous allele of TgAMA1 was replaced entirely with either Flag-tagged AMA1
WT or AMA1 AG/FF+GG/FF (Fig. S6A ). The minigenes integrated at the TgAMA1 locus, as confirmed by diagnostic PCR using primers P1-P4 (Fig. S6B and Table S1 ), and Western blotting showed that the wild-type and mutant proteins were expressed at similar levels (Fig. S6C , Upper and Lower). Both proteins colocalized with the microneme marker TgM2AP at the apical end of the parasite (Fig. S6D, c and d) and, as expected, the uncleavable AMA1 AG/FF+GG/FF protein accumulated on the parasite surface during the final stages of invasion ( Fig. S6D; compare a and b) . Most importantly, the replication rates of the AMA1 AG/FF+GG/FF and AMA1 WT allelic replacement parasites were indistinguishable (Fig. 5B) . Taken together, these data provide compelling evidence that TgAMA1 intramembrane cleavage does not play any role in regulating parasite replication and is not essential to the parasite.
TgAMA1 Protein, Not Its Intramembrane Proteolysis, Contributes to
Replication. In contrast to blocking TgAMA1 proteolysis, depletion of TgAMA1 itself may affect intracellular replication, as a 48-h exposure of the TgAMA1KO i parasites to 1 μM ATc was recently reported to cause a replication delay (25) . We observed a similar modest delay in replication of the TgAMA1KO i parasites after 48 h in 1 μM ATc (Fig. S5B ; compare AMA1KO i 48 h in ±ATc) and a more significant delay after 48 h in 3.2 μM ATc ( Fig. 5C ; compare AMA1KO i 48 h in ±ATc). The replication delay was partially rescued by constitutive expression of the fulllength AMA1
WT protein (Fig. 5C and Fig. S5B ; compare AMA1KO i and AMA1
WT at 48 h in +ATc). However, the delay was not rescued by cytosolic overexpression of the TgAMA1 C-tail [ Fig. 5C and Fig. S5B ; compare AMA1
WT and AMA1 t WT at 48 h in +ATc and see Fig. S7 for characterization of these parasites, in which the level of destabilization domain (dd) C-tail fusion protein is regulated by addition of the synthetic ligand, Shield-1]. This is in marked contrast to the rescue observed with these same C-tail constructs in parasites whose replication was arrested by expression of catalytically inactive ddTgROM4 S-A (25) . Taken together, these data establish that cleavage of TgAMA1 and release of its C-terminal tail are not necessary either to trigger or maintain the intracellular replication cycle of T. gondii. Whether the severe replication block in parasites expressing catalytically inactive ddTgROM4 S-A (25) is due to decreased cleavage of substrates other than TgAMA1 or to an indirect effect of ddTgROM4 S-A expression is unknown and will require further investigation.
What is the cause of the replication defect in ATc-treated TgAMA1KO i parasites, if not insufficient cleavage and release of the C-tail? To test whether the replication delay might be related to the severely attenuated invasiveness (5) of TgAMA1-depleted parasites, we compared the intracellular replication rate of ATctreated TgAMA1KO i , AMA1
WT , and AMA1 FW/AA parasites. AMA1 FW/AA parasites express full-length TgAMA1 containing two mutations within the C-tail that severely inhibit host-cell invasion (29) ; this mutant protein is expressed at levels similar to AMA1 WT (Fig. S8 ). AMA1 WT parasites once again showed significant rescue of the replication defect seen in the ATc-treated TgAMA1KO i parasites (Fig. 5D and Fig. S5C ; compare AMA1KO i to AMA1
WT at 48 h in +ATc). In contrast, the small number of AMA1 FW/AA parasites that successfully invaded in the presence of ATc showed a replication delay indistinguishable from the TgAMA1KO i parasites (Fig. 5D and Fig. S5C ; compare AMA1KO i to AMA1
FW/AA at 48 h in +ATc). Overexpression of the ddC-tail containing the FW/AA mutation was unable to rescue the replication defect ( Fig. 5C and Fig. S5B ; compare AMA1
WT with AMA1 t FW/AA at 48 h in +ATc), so it is unlikely that the inability of the full-length AMA1 FW/AA protein to rescue is due to a lack of C-tail release. Intracellular replication may instead be triggered by some signaling pathway that involves TgAMA1 (but not its intramembrane proteolysis and cleaved C-terminal domain) or by the invasion event itself, a process that is disrupted in both TgAMA1KO i and AMA1
FW/AA parasites. The latter hypothesis is consistent with a recent report showing that successful host-cell invasion is necessary to induce major changes in gene expression associated with the replicative phase of the parasite's life cycle (30) .
Conclusions
In summary, we have identified mutations within the TgAMA1 TMD that increase or decrease intramembrane cleavage of TgAMA1, allowing us to focus on the function of the proteolysis event itself, rather than on the function of the protease or substrate. This is a key advantage of our approach because removing the protease or substrate using knockout/knockdown approaches can lead to pleiotropic phenotypes that are difficult to separate, i.e., rhomboid proteases process multiple adhesins and single microneme proteins may fulfill multiple functions. Although the levels of proteolysis in a cell are thought to be tightly regulated, such that slight changes would perturb the finely tuned regulatory balance, our data revealed that increasing or decreasing TgAMA1 processing by over an order of magnitude has little, if any, consequence. Moreover, even a complete block in TgAMA1 cleavage has no effect on intracellular replication, refuting the recently proposed model that repeated rounds of intracellular replication are regulated by TgAMA1 intramembrane proteolysis in T. gondii (25) . However, parasites expressing uncleavable TgAMA1 do show a significant defect at an early step of invasion. The precise nature of this defect, and the relative contributions of the different TgROMs in the processing of TgAMA1 during invasion remain questions that merit future study.
Materials and Methods
Details of plasmid constructs and general experimental protocols are provided in SI Materials and Methods.
TgROM5 Proteolytic Activity Assay. COS cells were transiently cotransfected with GFP-tagged adhesins and HA-tagged TgROM5 as described previously (21) . TgAMA1 cleavage was quantified on Western blots using infrared fluorescence detection with an Odyssey laser-scanning system (Li-Cor Biosciences). The C-terminal cleavage product of TgAMA1 was isolated from cells using anti-Flag immunoaffinity purification and analyzed by MALDI-TOF mass spectrometry as described previously (31) . For transfections with multiple adhesins (Fig. 2D) , the amount of HA-tagged TgROM5 DNA in the cotransfections was reduced fivefold to ensure that, by Poisson distribution at a 5:1 ratio, 99.3% of the mammalian cells that received HA-tagged TgROM5 would be expected to be cotransfected with both the test substrate adhesin and the wild-type or uncleavable TgAMA1.
Invasion Assay. Laser-scanning cytometer-based invasion assays were performed as described previously (32) . Values represent the mean number of intracellular parasites per scan area ± SD from three independent experiments, with two replicates within each experiment. One-way ANOVA and Bonferroni's multiple comparison posttests (Fig. 4) and paired t tests (Fig. 1D) were used to determine the statistical significance of differences between groups; P < 0.05 was considered significant. Intracellular Replication Assay. Freshly egressed parasites, grown intracellularly in −ATc, were used to infect human foreskin fibroblast (HFF) monolayers on coverslips. After 1 h of infection at 37°C, the coverslips were rinsed extensively and returned to culture ±ATc. At 24 h post infection, coverslips were fixed with 4% (vol/vol) paraformaldehyde. For a 48-h treatment, parasites were grown intracellularly for 24 h in ±ATc, used to infect fresh HFF cells on coverslips, grown intracellularly for an additional 24 h in ±ATc and fixed. Immunofluorescence staining with monoclonal antibody 45.36 against TgIMC1 (33) was performed as described in SI Materials and Methods. A total of 200-500 vacuoles per sample from each of two coverslips were counted blind at each time point. Values shown represent mean ±SD from two independent experiments. Three-way ANOVA and Bonferroni's multiple comparison posttests (Fig. 5 and Fig. S5 ) were used to determine statistical significance.
